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Abstract: In this study, in order to improve the characteristics of the vegetable-based cutting fluids
used in the MQL technique and increase the machining performance of MQL and its positive effects
on sustainable manufacturing, the effects of the MQL method with nano-Al2O3 additives on surface
roughness (Ra) and cutting temperature (Ctt) were examined through turning experiments carried
out by adding nano-Al2O3 to the vegetable-based cutting fluid. For this purpose, machining tests
were carried out on hot work tool steel alloyed with Cr-Ni-Mo that has a delivery hardness of 45 HRC.
In hard machining experiments, three techniques for cooling and lubricating (dry cutting, MQL,
and nano-MQL), three cutting speeds (V) (100, 130, 160 m/min), three feed rates (f) (0.10, 0.125,
and 0.15 mm/rev), and two different ceramic cutting tools (uncoated and TiN-coated with PVD
methods) were used as control factors. For Ra, the nano-MQL method provided an average of 21.49%
improvement compared to other cooling methods. For Ctt, this rate increased to 26.7%. In crater
wear areas, the nano-MQL method again exhibited the lowest wear values, decreasing performance
by approximately 50%. The results of this research showed that the tests conducted using the cooling
of nano-MQL approach produced the best results for all output metrics (Ra, Ctt, and crater wear).

Keywords: Cr-Ni-Mo alloyed steel; sustainable and clean manufacturing; minimum quantity lubrication;
nano-Al2O3; cutting temperature; surface roughness

1. Introduction

The process of machining involves removing material from the workpiece using
the help of power and tools to bring the materials to the desired shape and size. The
competition between the companies that use machining methods has also increased the
demand for high efficiency. Efficient production is achieved by reducing production costs,
maintaining or improving product quality quickly, and increasing the number of products
produced. The cutting speed used in machining methods is an essential factor for efficient
production. The acceleration of the cutting speed also raises the quantity of products
produced in a short amount of time [1]. However, high cutting speeds create high cutting
temperatures. These high cutting temperatures lead to negative effects such as inadequate
surface quality, excessive tool wear, low dimensional stability, and short tool life [2].

In machining methods, the traditional cutting fluid cooling/lubrication method is
mainly used to reduce these elevated temperatures within the cutting area. However,
the application of these cutting fluids has both advantages and disadvantages in the
manufacturing process. Cutting fluids containing chemical components harm human
health by coming into contact with workers’ skin in the production line and harms nature
by mixing with the soil in cases where waste management is not conducted well [3]. In
addition, there is an increase in operating costs due to the storage, disposal, and supply of
these cutting fluids in relation to the total production cost [4,5]. Therefore, the increasing
costs of cutting fluids, their environmental pollution, and their negative effects on human
health have led to the development of new lubrication techniques such as the minimum
quantity lubrication (MQL) system instead of traditional cutting fluid cooling/lubrication
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methods [6,7]. The MQL method is a lubricating and cooling technique where a tiny
quantity of cutting fluid is misted onto the area being sliced where the workpiece and the
tool interact with pressurized air’s assistance [8]. Thus, the application of a tiny quantity of
cutting fluid in the MQL method has features that increase positive effects on operational
efficiency and sustainable manufacturing, such as reducing operating costs compared
to the conventional cooling/lubrication method, being harmless to human health, and
eliminating the waste cost of end-of-life oils [9]. Today, many researchers obtain nanofluids
by adding additives, also known as nanoparticles, to the MQL technique’s cutting fluid.
Thanks to these nanofluids, the friction between the cutting tool and the workpiece can be
significantly decreased, and lower cutting temperatures can be achieved by increasing the
thermal conductivity of the cutting fluid. Thus, better cutting tool life and surface quality
can be achieved with reduced cutting temperature and friction coefficient [10].

Lacelle et al. [11] examined the impact of spraying cutting fluids in high speed milling
through experimentation and numerical analysis. After 150 m of cutting distance, flank
wear was measured as around 0.16 mm with conventional coolant, while flank wear
value decreased to 0.1 mm with the MQL method. As a result, the MQL method provided
approximately 40 percent reduction in tool wear [11]. Al2O3/MoS2 hybrid nanofluid MQL’s
effects on surface roughness, cutting force, tool wear, and tool life in hard turning were
examined by Ngoc et al. [12]. Hard machining differs from normal cutting in that the wear
modes are mechanical scratching and chipping, and the wear lands on the rake and flank
faces are concentrated on the main cutting edge. It was shown that the cooling lubrication
state has an impact on tool wear as well as on cutting parameters. Additionally, compared
to dry and Al2O3 nanofluid MQL conditions, the cooling and lubricating efficacy of the
Al2O3/MoS2 hybrid nanofluid MQL condition resulted in improved machined surface
roughness and longer tool life [12].

Turning experiments were conducted in this study by adding 0.5% nano-Al2O3 by
weight into the vegetable-based cutting fluid used in the MQL technique in order to reduce
the cutting temperature by increasing the liquid mixture’s thermal conductivity. Thanks to
the nano-Al2O3 nanoparticles added to the vegetable-based cutting fluid, the lubrication
property of the cutting fluid was improved by increasing the viscosity to the optimum level,
thus enhancing the surface quality and lessening surface roughness due to its polishing
property [13]. Turning experiments were carried out according to the experimental design
using three different cooling/lubrication methods (dry cutting, MQL, and nano-MQL),
three different cutting speeds (100, 130, and 160 m/min), three different feed rates (0.10,
0.125, and 0.15 mm/rev), and two different cutting tools (the PVD method of Al2O3 + TiC
matrix-based and TiN-coated ceramic tool (AB2010) and the Al2O3 + TiC matrix-based
uncoated mixed alumina ceramic tool (AB30)) on a universal lathe. In turning experiments,
the effects of nano-Al2O3 addition on surface roughness (Ra) and cutting temperature
(Ctt) were examined, and the most optimum experimental parameters among the control
factors were determined. Additionally, an analysis of variance (ANOVA) was conducted at
a 95% confidence level to establish the influence levels of the control parameters on cutting
temperature (Ctt) and surface roughness (Ra).

2. Material and Methods

In this study, hot work tool steel alloyed with Cr, Ni, and Mo, which is widely used in
extrusion, hot forging, forming dies and hot cutting blades, was used as a test sample. The
hot work tool steel alloyed with Cr, Ni, and Mo we used was Ø60 × 300 mm in size, and its
delivery hardness was around 45 HRC. Cr-Ni-Mo-alloyed hot work tool steel measuring
300 mm in length and 60 mm in diameter was used in the hard machining experiments.
Table 1 provides the workpiece’s chemical composition.
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Table 1. Chemical composition (%) of test samples.

C Mn P S Si Cr Mo Ni

0.65–0.75 0.25–0.80 0.03 0.03 0.10–0.50 0.60–1.20 0.50 1.25–2.00

In the hard turning experiments, cutting tools made of uncoated mixed alumina
ceramic based on an Al2O3 + TiC matrix with code SNGA 120408 AB30 manufactured by
TaeguTec cutting tool company, which has a widespread use in the industry, and ceramic
cutting tools based on an Al2O3 + TiC matrix and coated with TiN by the PVD method with
code SNGA 120408 AB2010, manufactured by the same company were used. The grade
properties of the cutting tools are given in Table 2 [14]. PSBNR 2525M-12 external diameter
cutting tools were connected using a rotating tool holder. A cutting tool that had not been
used before was used for each experiment. The STN-40 model produced by Werte was
used as the MQL system. The MQL system was potentiometer controlled, the cutting zone
used a vegetable-based cutting fluid at a constant pressure and flow rate, and the nozzle
was positioned 15 mm from the cutting tool tip.

Table 2. Coated and uncoated ceramic grade properties [14].

Grade AB2010 AB30

Composition Al2O3-TiCN Al2O3-TiCN

Hardness (HRa) 94.5–95.0 94.5–95.0

Toughness (KIC) 3.0–3.5 3.2–3.7

Coating Layer TiN Uncoated
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In this study, Oelheld DiaCut EMM 2500 vegetable-based cutting fluid, which is 100%
biodegradable and has technical specifications that are listed in Table 3, was used because
it does not leave any residue behind and is also suitable for worker health. The process
of making the cutting fluid from vegetables for the nano-MQL method was carried out in
2 steps. In the first step, nano-Al2O3 nanoparticles, whose technical specifications, size, and
chemical composition are given in Table 4, were added to the cutting fluid by weighing
it with a precision balance at a rate of 0.5% by weight. In order to ensure homogeneous
distribution of nano-Al2O3 nanoparticles added to the cutting fluid in the second step, the
nano-Al2O3-reinforced cutting fluid for the nano-MQL technique was made by mixing it
with a Heidolph Hei-Torque mechanical stirrer at 600 rpm for 30 min, a Bandelin SonoPuls
HD3200 ultrasonic homogenizer at 100 W for 30 min, and a Heidolph MR Hei-Tec magnetic
stirrer at 700 rpm for 30 min, respectively. The steps for the preparation of the nanofluid
are shown in Figure 1.
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Table 3. Oelheld DiaCut EMM 2500 vegetable-based cutting fluid characteristics.

Density + 15 ◦C (g/cm3) 0.90

Kinematic Viscosity + 40 ◦C (cSt) 25.5

Flash Point (◦C) >200

Oil Type Vegetable

Table 4. Nano-Al2O3 technical specifications, size, and chemical composition.

Technical Specifications Size Chemical Composition (wt. %)

Gamma, Purity (%) 99.5+ 99.5+ SiO2 max. 0.015

Color White Fe2O3 max. 0.020

Average Particle Size (nm) 18 18 Na2O max. 0.450

Specific Surface Area (m2/gr) 140 140 CaO max. 0.050

Specific Heat Capacity (J/kg.K) 890 890 P2O5 max. 0.0012

Density (kg/m3) 3900 3900 K2O max. 0.018

Morphology Spherical ZnO max. 0.0015

Particle shape Hydrophilic TiO2 max. 0.0025
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Since the Al2O3 nanoparticles included into the cutting fluid made of vegetables
will change the viscosity value of the vegetable-based cutting fluid due to their technical
properties [13]. The cutting fluids’ kinematic viscosity values were measured with a
Fungilab EXPERT brand viscometer. In this investigation, to ascertain the effect of 0.5%
nano-Al2O3 nanoparticle addition to the cutting fluid made from vegetables in the turning
of hot work tool steel alloyed with Cr, Ni, and Mo on the MQL method and the optimum
experimental parameters in the turning of Cr-Ni-Mo alloyed steel, the cooling/lubrication
method, the cutting tool, feed rate, and cutting speed were chosen as the control variables.
The cutting parameter (feed rate, cutting speed) data were determined by taking into
account the manufacturer’s suggestions for cutting tools and the preliminary experiments,
and the chip removal process was completed at a steady cutting depth (0.5 mm) in the
turning experiments. Three iterations of each experiment were conducted. The surface
roughness and cutting temperature values were found by taking the average of these three
experiments. Information showing the levels and the control factors of the control factors
is given in Table 5. During each experiment, the highest cutting temperature (Ctt) was
examined, the workpiece’s surface roughness (Ra) was measured, and the data obtained
after each experiment was recorded. Tool wear experiments were carried out by hard
turning Cr-Ni-Mo alloy hot work tool steel, uncoated and coated ceramic tools at 100 m/min
cutting speed, 0.1 mm/rev feed rate and 0.5 mm depth of cut for 15 min of machining time.
In order to assess crater wear, SEM images were moved to the CAD environment at a 1:1
scale, crater areas were drawn precisely, and their areas were calculated.

Table 5. Hard machining parameters and levels.

Control Factors Level 1 Level 2 Level 3

cooling/lubrication method dry MQL Nano-MQL

cutting speed, V (m/min) 100 130 160

feed rate, f (mm/rev) 0.10 0.125 0.15

cutting tool type AB2010 AB30 -

An OPTRIS brand PI 450 thermal camera (Optris Company, Berlin, Germany) was
used in turning tests to measure temperature data that occurred in the cutting zone on the
cutting tool. In order to determine the surface quality of the workpiece as a result of the
experiments, after each experiment, the measurement of surface roughness was completed
by taking the surface roughness (Ra) arithmetic average from three distinct locations
using the Mahr MarSurf PS10 brand surface roughness device (Mahr Group, Stuttgart,
Germany). To determine the difference between cutting tools and cooling methods, 3D
surface topographies were extracted with a Phase View optical profilometer (PhaseView
Company, Paris, France). The experimental setup showing the equipment used in hard
turning experiments and the created system is given in Figure 2.
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3. Discussion and Results
3.1. Evaluation of Surface Roughness Results

Three different cooling/lubrication techniques (dry cutting, MQL, and nano-MQL),
three different cutting speeds (100, 130, and 160 m/min), three different feed rates (0.10,
0.125, and 0.15 mm/rev), and two different cutting tools (Al2O3 + TiC matrix-based un-
coated mixed alumina ceramic tool (AB30) and Al2O3 + TiC matrix-based and TiN-coated
ceramic (AB2010) by PVD method tool) were used in 54 turning experiments conducted on
Cr-Ni-Mo alloyed steel. The values of surface roughness (Ra) derived from the experiments
and the cutting fluid viscosity information used in MQL and nano-MQL cooling/lubrication
methods are shown with the help of graphics in Figures 3–9. The surface roughness (Ra)
values obtained from 54 experiments measured between 0.5083–1.0413 µm.
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As shown in the graph in Figure 3, for the 27 experiments performed with the AB2010-
coded TiN-coated ceramic cutting tool, the surface roughness (Ra) values were between
0.5083–1.037 µm. In these experiments, performed with the AB2010-coded TiN-coated
ceramic cutting tool, the lowest surface roughness (Ra) value of 0.5083 µm was obtained
with the following parameters: 0.10 mm/rev lowest feed rate using the nano-MQL cool-
ing/lubrication method and 100 m/min lowest cutting speed. Using dry cutting as the
cooling/lubrication method, the greatest cutting speed parameters of 160 m/min and the
highest feed rate of 0.15 mm/rev produced the highest surface roughness value of 1.037 µm.
Again, when the graphs obtained from the experiments carried out with the AB2010-coded
cutting tool were analyzed, it was found that surface roughness values often rise with
an increase in feed rate when the cutting speed and cooling/lubrication technique are
constantly maintained. The reason for this is high heat generation, because the cutting
forces between the cutting tool and the workpiece rise as the feed rate increases, increasing
the chip removal rate, and resulting in an increase in surface roughness [15]. Therefore, in
this study, the optimum feed rate for the TiN-coated ceramic cutting AB2010-coded tool
to have a low surface roughness (Ra) value, i.e., better surface quality, was found to be
0.10 mm/rev. Again, when the experimental graphs performed with the AB2010-coded
cutting tool are examined, the surface roughness values obtained were found to be due to
different cutting speeds, while the feed rate and cooling/lubrication method even when.
As may be observed, the surface roughness values often rise in tandem with an increase
in cutting speed. Up to a certain extent, surface roughness diminishes as cutting speed
increases because cutting forces decrease as cutting speed increases. Here, the reduction in
cutting force as the cutting speed increases is due to both the decrease in the contact area
of the cutting tool on the rake surface and the decrease in the yield zone strength formed
on the rake surface. However, after a certain cutting speed, the cutting force continuously
increases as the cutting speed increases, and the amount of cutting tool wear increases with
the increasing cutting force [16]. Here, the cutting procedure becomes less effective with
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the increased wear of the cutting tool and more roughness occurs on the surface [17,18].
Therefore, an optimum balance is required in the selection of cutting speed. In the experi-
ments performed with the AB2010-coded cutting tool in this study, the optimum cutting
speed was found to be 100 m/min. In the turning experiments carried out using the
Nano-MQL method and AB2010 coded cutting tool, the values for surface roughness (Ra)
were measured between 0.5083–0.791 µm. In the turning experiments carried out using
the MQL method and the AB2010-coded cutting tool, the values for surface roughness (Ra)
were measured between 0.6963–0.835 µm. In the turning experiments carried out using the
dry method and the AB2010-coded cutting tool, the values for surface roughness (Ra) were
measured between 0.7453–1.037 µm.
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In Table 6, the Ra improvement rates of the cooling methods for AB2010 coated ceramic
tools are given. Examining Table 6, it can be observed that an average of 13.97% and a
maximum of 19.48% improvement was achieved with the MQL method in contrast to
dry machining. However, an average of 8.51% and 21.49%, and a maximum of 27% and
31.8% improvement was achieved in surface roughness in the nano-MQL method using
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the ceramic cutting tool AB2010 in contrast to the MQL and dry methods, respectively.
Because nanofluids have improved thermal properties, such as better thermal conductivity
and heat transfer coefficients, in comparison to plain MQL, it was also observed that
MQL + Al2O3 nanoparticles further reduce surface roughness [12]. Nanoparticle filling
and finishing with superior anti-friction properties may be responsible for the enhanced
surface quality achieved with the nanofluid MQL approach [13]. When we examine the
graphs and improvement rates of the data acquired as a consequence of the tests conducted
using the AB2010-coded cutting tool, we can say that the best technique of cooling and
lubricating for the lowest surface roughness (Ra) is the nano-MQL method. The nano-
MQL method is followed by the MQL and dry methods, respectively. The reason for
this is that since there is no friction or temperature-reducing factors in the dry cutting
method, elevated temperatures for cutting and high cutting forces are seen during the
cutting process, and these negative factors bring negativities such as high cutting tool wear,
creating increased surface roughness compared to the MQL and nano-MQL methods. Using
the MQL approach, the compressed air has a cooling function, and the cutting fluid lowers
friction in this area by acting as a lubricant between the cutting tool and the workpiece, and
as a result, it provides the opportunity to obtain improved quality of the surface by creating
lower cutting temperatures and lower cutting tool wear compared to the dry method [19].
In the nano-MQL method, the cutting temperatures are decreased by raising the cutting
fluid’s thermal conductivity with the Al2O3 nanoparticles added to the vegetable-based
cutting fluid used in the MQL method. The viscosity is increased to the optimum level,
as indicated in Figure 4, improving the lubrication properties of the cutting fluid. Thus,
the surface roughness obtained in the nano-MQL method has superior surface quality in
contrast to the MQL technique [19,20].

Table 6. Ra improvement rates of the cooling methods for AB2010 coated ceramic tool (%).

Cutting Tools Feed Rate,
f (mm/rev)

Cutting Speed, V
(m/min)

Ra Improvement
Rate of MQL

Compared to dry

Ra Improvement Rate
of Nano-MQL

Compared to Dry

Ra Improvement Rate
of Nano-MQL

Compared to MQL

AB2010

0.1

100 6.57 31.80 27.00

130 10.99 17.75 7.59

160 16.20 22.40 7.41

0.125

100 12.27 29.22 19.32

130 15.43 12.84 −3.06

160 18.98 25.10 7.54

0.15

100 13.77 17.72 4.58

130 12.07 12.85 0.90

160 19.48 23.72 5.27

Average improvement (%) 13.97 21.49 8.51

Figure 5 shows the Ra results for the AB30-coded uncoated ceramic cutting tool. In
the experiments conducted using the AB30-coded uncoated ceramic cutting tool, Ra values
were measured between 0.5356–1.0413 µm. Using the nano-MQL cooling/lubrication
approach, the lowest surface roughness (Ra) value of 0.5356 µm was achieved at the
lowest feed rate of 0.10 mm/rev and the lowest cutting speed of 100 m/min using the
AB30-coded uncoated ceramic cutting tool. Using the dry lubrication method as the
cooling/lubrication method, the highest cutting speed of 160 m/min and the highest
feed rate of 0.15 mm/rev resulted in the highest surface roughness value of 1.0413 µm.
When the graphs for the AB30-coded cutting tool were examined, it was observed that the
surface roughness values generally increased as the feed rate increased when the cutting
speed and cooling/lubrication method were kept constant. Therefore, in this study, the
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optimum feed rate for the AB30-coded uncoated ceramic cutting tool was found to be
0.10 mm/rev for low surface roughness (Ra) value, i.e., better surface quality. Again,
when the experimental graphs for the AB30-coded cutting tool were examined, when the
feed rate and cooling/lubrication method were kept constant, and the surface roughness
values obtained due to different cutting speeds were examined, it was seen that the surface
roughness values generally increased as the cutting speed increased. In experiments were
performed with the AB30-coded cutting tool, the optimum cutting speed for low surface
roughness (Ra) value, i.e., high surface quality, was found to be 100 m/min.

In the turning experiments carried out using the nano-MQL method and the AB30-
coded cutting tool, the Ra values were between 0.5356–0.8883 µm. In the turning tests
conducted with the MQL method and the AB30-coded cutting tool, the Ra values were
between 0.747–0.934 µm, and in the turning experiments carried out using the dry method
and the AB30-coded cutting tool, the Ra values were between 0.8073–1.0413 µm. Table 7
shows the Ra improvement rates of the cooling methods for AB30 coated ceramic tools.
When Table 7 is examined, an average of 14% and 18.42%, and a maximum of 34.39% and
34.87% improvement was achieved in surface roughness using the nano-MQL method
with the AB30-coded ceramic cutting tool compared to the MQL and dry techniques,
respectively. However, it was observed that an average of 4.82% and a maximum of 10.88%
improvement was achieved using the MQL method compared to the dry method. When
we examine the graphs and improvement rates of the data gathered from the tests using
the AB30-coded uncoated ceramic cutting tool, we can say that the best lubrication method
for the lowest Ra was the nano-MQL method, followed by the MQL and dry processing
methods, respectively.

Table 7. Ra improvement rates of the cooling methods for AB30 uncoated ceramic tool (%).

Cutting Tools Feed Rate,
f (mm/rev)

Cutting Speed, V
(m/min)

Ra Improvement
Rate of MQL

Compared to Dry

Ra Improvement Rate
of Nano-MQL

Compared to Dry

Ra Improvement Rate
of Nano-MQL

Compared to MQL

AB30

0.1

100 0.73 34.87 34.39

130 8.79 19.10 11.30

160 4.87 12.39 7.90

0.125

100 4.51 29.95 26.64

130 1.65 6.29 4.72

160 7.56 12.59 5.44

0.15

100 −1.74 26.55 27.81

130 6.1 7.11 1.08

160 10.88 16.90 6.76

Average improvement (%) 4.82 18.42 14.00

When comparing the AB2010-coded ceramic cutting TiN-coated tool using the PVD
method and the AB30-coded ceramic cutting tool without coating in terms of Ra, the lowest
surface roughness was obtained with the AB2010-coded ceramic cutting tool, at 0.5083 µm.
Consequently, Ra was measured as 0.7837 µm with the AB2010-coded ceramic cutting
tool, and in the tests conducted with the AB30-coded ceramic cutting tool, the average
surface roughness was found to be 0.811 µm. With the AB2010-coded PVD method, 3.37%
improved Ra values were acquired using the TiN-coated ceramic cutting tool compared
with the AB30-coded uncoated ceramic cutting tool. This situation was attributed to the
fact that the AB2010-coded ceramic cutting tool showed more wear resistance than the
uncoated AB30-coded ceramic cutting tool thanks to its TiN coating, and as a result, lower
Ra values were obtained [21].
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When a general evaluation is made for Ra, the best surface quality was obtained in
the MQL method (nano-MQL) with 0.5% Al2O3 reinforcement, followed by the MQL and
dry-cutting methods, respectively. When we examined the cutting tools, the finest surface
quality was obtained with the AB2010-coded Al2O3 + TiC matrix-based PVD method and
TiN-coated ceramic cutting tool. When we examined the feed value and cutting speed, the
lowest Ra value was obtained at 0.10 mm/rev feed rate and 100 m/min cutting speed. In
total, the optimum experimental parameters that give the finest surface quality, i.e., the
lowest surface roughness values, were obtained when the nano-MQL cooling/lubrication
method, AB2010-coded cutting tool, 0.10 mm/rev feed rate, and 100 m/min cutting speed
are used together. In order to better understand the effect of the cooling/lubrication method
on Ra values, surface topography was obtained for the experiments in which different
cooling/lubrication methods were used to keep the cutting speed, feed rate, and cutting
tool parameters constant. When the surface topographic data given in Figures 6 and 7
were examined, it was seen that the peak and valley depths of the nano-MQL method
were reduced in comparison to the MQL approach, and the MQL approach was reduced
compared to the dry method.

The results of the variance analysis with a 95% confidence interval, performed in order
to determine the magnitude of the effect of the factors that control cooling/lubrication
method, cutting tool type, feed rate, and cutting speed on Ra, are presented in Table 8.
While the F values indicate the effect level of each control factor, the contribution indicates
the effect level of these control factors as a percentage. The control factor with the highest F
value had the highest impact on the roughness of the surface.

Table 8. Surface roughness analysis of variance (ANOVA) results.

Control
Factors DF Seq SS Adj SS Adj MS F P Contribution

(%)

Cooling/
lubrication method 2 0.27831 0.27831 0.139153 40.26 0.000 42.85

Cutting speed, V
(m/min) 2 0.06548 0.06548 0.032740 9.47 0.091 10.08

Feed rate, f (mm/rev) 2 0.13647 0.13647 0.068234 19.74 0.000 21.01

Cutting tool 1 0.01027 0.01027 0.010273 2.97 0.000 1.58

Error 46 0.15898 0.01446 0.003456 24.48

Total 53 0.64951 100.00

When the variance analysis given in Table 8 is examined, it can be determined that the
most critical factor affecting surface roughness was the cooling/lubrication method, with
an effect rate of 42.85%. The feed rate comes next, with an effect rate of 21.01%; the cutting
speed, with an effect rate of 10.08%; and the cutting tool type, with an effect rate of 1.58%.

3.2. Evaluation of Cutting Temperature Results

During the machining process, high temperatures are generated due to friction be-
tween the workpiece and the cutting tool. These high temperatures affect the life and
performance of the cutting tool and can cause problems such as wear, cracking, fracture,
and deformation [22]. Heating caused by friction causes the cutting tool to fail to perform
its function correctly and is a fundamental criterion in machinability evaluation. Therefore,
during machining processes, it is crucial that the thermal properties of the cutting tool and
the processed material are analyzed, as well as the temperature distribution between the
workpiece and the cutting tool [23].

The cutting temperature values obtained due to hard machining are given in
Figures 8 and 9. Cutting temperature values for all parameters were between 251.2 ◦C
and 384 ◦C. The smallest Ra value with the AB2010-coded TiN-coated ceramic cutting tool
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was measured as 251.2 ◦C using the nano-MQL cooling/lubrication method, 0.10 mm/rev
feed rate, and 100 m/min cutting speed. When the graphs for the AB2010-coded cutting
tool were examined, it was observed that when the cutting speed and cooling/lubrication
method were kept constant, the cutting temperature values generally grew with the rising
feed rate. This can be explained as an increase in the friction between the workpiece and
the cutting tool with the increase in feed rate [24]. Therefore, in this study, the optimum
feed rate for the AB2010-coded TiN coated ceramic cutting tool, in regard to low cutting
temperature value, was found to be 0.10 mm/rev. Again, when the experimental graphs for
the AB2010-coded cutting tool were examined, when the feed rate and cooling/lubrication
method were kept constant, and an analysis was conducted on the cutting temperature
values and varying cutting speeds, the cutting temperature values generally increased as
the cutting speed increased. The reason for this was the increase in cutting temperature
due to the increased friction at both the feed rate and the cutting speed [25,26]. In this
study, the optimum cutting speed was 100 m/min in the experiments conducted with the
AB2010-coded cutting tool.

Table 9 displays a comparison of all cooling methods in relation to cutting temperature.
Examining the table reveals that the cutting temperature improvement was achieved by
an average of 14.04% and 26.37%, and a maximum of 19.23% and 31.41%, respectively,
for the nano-MQL method with the AB2010-coded ceramic cutting tool in contrast to dry
machining and MQL. With the MQL method, an average of 14.34% and a maximum of
15.91% improvement was achieved in contrast to dry machining. We can say that the
best cooling/lubrication method for the lowest cutting temperature was the nano-MQL
method, followed by the nano-MQL method and the dry method, respectively. This can be
explained by the high friction caused by not using any liquid in the dry cutting method
and the inadequate cooling due to the lack of compressed air, resulting in higher cutting
temperatures compared to the MQL and nano-MQL methods. With the MQL method, the
compressed air used provides cooling properties, and the vegetable-based cutting fluid
has a lubricating property between the cutting tool and the workpiece, resulting in lower
cutting temperatures. MQL + Al2O3 nanoparticles has a higher thermal conductivity and
a higher convective heat transfer coefficient [12]. In the nano-MQL method, in addition
to the compressed air used in the MQL method, the cutting fluid’s thermal conductivity
was increased when the Al2O3 nanoparticles were added, providing better cooling and
improving the lubrication properties of the cutting fluid by increasing the viscosity to the
optimum level. Thus, the cutting temperature obtained with the nano-MQL method was
lower than that obtained with the MQL method [27,28].

Table 9. Ctt improvement rates of the cooling methods for AB2010 coated ceramic tool (%).

Cutting Tools Feed Rate,
f (mm/rev)

Cutting Speed, V
(m/min)

Ra Improvement
Rate of MQL

Compared to Dry

Ra Improvement Rate
of Nano-MQL

Compared to Dry

Ra Improvement Rate
of Nano-MQL

Compared to MQL

AB2010

0.1

100 11.4 26.18 16.68

130 14.22 25.15 12.75

160 14.27 23.91 11.24

0.125

100 15.48 25.48 11.83

130 13.7 25.45 13.62

160 15.08 31.41 19.23

0.15

100 15.91 29.09 15.67

130 14 24.51 12.47

160 15.03 26.17 13.12

Average improvement (%) 14.34 26.37 14.34
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Figure 9 shows that the cutting temperature values for the AB30-coded uncoated
ceramic cutting tool were between 228.4 ◦C and 313.8 ◦C. The lowest cutting temperature
value was 228.4 ◦C using the nano-MQL cooling/lubrication method, 100 m/min cutting
speed, and 0.10 mm/rev feed rate, while the highest cutting temperature value was ob-
tained with dry machining, 130 m/min cutting speed, and 0.15 mm/rev feed rate. It was
noted that the cutting temperature values of the AB30 cutting tool, as in the AB20-coded
cutting tool, generally increased with the increasing feed rate. In a similar vein, as cut-
ting speed grew, so did cutting temperature values. At 100 m/min cutting speed and
0.10 mm/rev feed rate parameters, the lowest cutting temperature values for both cutting
tools were recorded.

Table 10 displays the temperature at which cutting improvements occurred for the
AB30-coded cutting tool under all cutting conditions. When Table 10 is examined, with
the nano-MQL method, an average of 16.07% and 16.95% and a maximum of 19.97% and
21% improvement in cutting temperature was achieved, respectively, in contrast to the dry
machining and MQL methods. An average of 1% and a maximum of 6.6% improvement
was achieved with the MQL method in contrast to dry machining. We can say that the best
cooling/lubrication method for obtaining the lowest cutting temperature value was the
nano-MQL method, followed by the MQL and dry methods, respectively.

Table 10. Ctt improvement rates of the cooling methods for AB30 uncoated ceramic tool (%).

Cutting Tools Feed Rate,
f (mm/rev)

Cutting Speed, V
(m/min)

Ra Improvement
Rate of MQL

Compared to Dry

Ra Improvement Rate
of Nano-MQL

Compared to Dry

Ra Improvement Rate
of Nano-MQL

Compared to MQL

AB30

0.1

100 −0.30 15.63 15.87

130 1.09 14.72 13.78

160 1.44 16.08 14.85

0.125

100 −3.97 15.20 18.44

130 −1.47 15.96 17.18

160 0.86 16.17 15.45

0.15

100 −0.88 19.27 19.97

130 6.60 21.00 15.42

160 5.63 18.49 13.63

Average improvement (%) 1.00 16.95 16.07

Among all the experimental results, the lowest Ctt value was measured as 228.4 ◦C
with the AB2010-coded coated ceramic cutting tool. The cutting temperature values were
measured as 315.897 ◦C and 269.6 ◦C for the tools coded AB2010 and AB30, respectively.
The tool coded AB30 resulted in a 14.66% lower average cutting temperature compared to
the AB2010-coded tool. The surface hardness was increased due to the coating applied to
the cutting tools, and the wear resistance also increased [29]. Therefore, the AB2010-coded
ceramic tool had higher cutting temperatures with the increased surface hardness with the
TiN coating. However, although the 2010-coded TiN-coated ceramic cutting tool showed
higher cutting temperatures than the AB30-coded uncoated ceramic cutting tool with the
PVD method, the AB2010-coded ceramic cutting tool showed higher fracture resistance
than the AB30-coded cutting tool, thanks to the TiN coating [30].

The results of the variance analysis at a 95% confidence interval performed to deter-
mine the magnitude of the effect of the factors that control, cooling/lubrication method,
cutting tool type, feed rate, and cutting speed on Ctt are presented in Table 11. The
table reveals that the most important factor affecting the cutting temperature was the
cooling/lubrication method, with an effect rate of 53.51%. It was observed that the cool-
ing/lubrication method was succeeded by the type of cutting tool, with an effect rate of
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32.02%; the cutting speed, with an effect rate of 2.77%; and the feed rate, with an effect rate
of 2.03%, respectively.

Table 11. Results of analysis of variance (ANOVA) for cutting temperature.

Control
Factors DF Seq SS Adj SS Adj MS F P Contribution

(%)

Cooling/
lubrication method 2 48,414 48,414 24,207.2 127.32 0.000 53.51

Cutting speed, V
(m/min) 2 2509 2509 1254.5 6.60 0.003 2.77

Feed rate, f (mm/rev) 2 1837 1837 918.4 4.83 0.012 2.03

Cutting tool 1 28,977 28,977 28,976.9 152.41 0.000 32.02

Error 46 8746 8746 190.1 9.67

Total 53 90,483 100.00

3.3. Evaluation of Tool Wear (Crater Wear)

By computing the surface area of the craters in the CBT (Computer-Aided Design)
environment, the crater wear values resulting from the turning process carried out at
100 m/min cutting speed, 0.1 mm/rev feed rate, and 0.5 mm cutting depth for 15 min
were determined. Figures 10 and 11 show how crater wear varied according to the kind of
cooling process and cutting tool. In terms of crater wear, the lowest wear values according
to the cooling method were obtained with the nano-MQL method. The highest wear
values were later found under dry machining circumstances, even though the MQL process
produced the least amount of crater wear.
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According to this study, abrasion, adhesion, and adhesion-induced damage types
including flank wear and BUE are some typical issues in the machining of Cr-Ni-Mo-alloyed
hot work tool steel. The primary cause of abrasive wear has been identified as hard abrasive
carbide particles present in Cr-Ni-Mo-alloyed hot work tool steel and tool particles that
have been removed from the substrate.

High temperatures and strains induce the workpiece material to adhere to tool surfaces,
which results in adhesion wear [31,32]. Adhesion can occasionally appear as a thin coating
on the cutting tool. In other instances, as seen in Figures 10 and 11, it may show up on the
tool edge in BUE form. According to Akhtar et al. [31], medium cutting speeds are the most
likely to cause adhesion wear. Attrition wear, which indicates less adhesion, occurs when
the temperature is insufficient for complete adhesion or welding.

In light of the literature, it is thought that the crater wear that may occur on the cutting
tool surfaces exposed to friction during cutting under MQL and nano-MQL conditions
will occur at lower rates. It was found that the crater wear values given in the figure
vary between 0.03278 mm2 and 0.07524 mm2. With the nano-MQL method, the AB2010
coated cutting tool produced the lowest crater wear value of 0.03278 mm2 after 15 min of
machining. The lowest wear values for dry machining and MQL methods were calculated
as 0.04169 mm2 and 0.03652 mm2, respectively. When the cutting tools were compared
with each other, at the end of 15 min of machining time, the Al2O3 + TiC matrix-based and
TiN-coated ceramic tool (AB2010) with PVD method provided 50% lower crater wear than
the Al2O3+TiC matrix-based uncoated mixed alumina ceramic (AB30) tool. This result was
associated with the TiN coating on the top layer of this cutting tool providing a low friction
coefficient and good crater wear resistance despite not being a very hard material [33,34].
In general, tool life is not limited by minor crater wear. In fact, crater development makes
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the tool rake angle more effective, which lowers surface roughness. The cutting edge is
weakened by excessive crater wear, though, and the tool may break or deform [34,35]. As a
result, it degrades the quality of the machined surface, leading to wear types on the cutting
tool’s surface and edge areas, including flank wear and crater wear [36,37].

Figure 12 shows the EDX analysis results obtained from the cutting tools. Since
the adhesion size was at the micro level, it may be said that the cooling/lubrication
technique used helps avoid adhesion. In addition, the rough appearance of the worn
areas in Figures 10 and 11 shows that abrasive and adhesive wear mechanisms were
effective [38,39]. Tool particles were created and transported with the material flow as the
workpiece material cycles between sticking and sliding on the cutting tool. The movement
between the cutting tool and the chip, the operative cutting process, irregular depth of cut,
and the vibration produce an irregular material flow that will trigger wear [40,41]. It is
believed that severe mechanical loads also caused the coating material to peel, as seen on
the rake face of the cutting inserts (Figures 10 and 11). Figures 10 and 11 show that there
was a small amount of adhered workpiece material in the cutting tool zones, indicating that
the cooling/lubrication methods applied with Al2O3 nanoparticle-added nanofluid-MQL
are appropriate for hard turning of hot work tool steel alloyed with Cr, Ni, and Mo with
ceramic cutting tools.
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4. Conclusions

In this study, the performance of the MQL and Al2O3-added MQL methods in the
hard turning process was investigated in relation to dry cutting. In this context, surface
roughness, cutting temperature, and tool wear experiments were carried out. The results
obtained from this study are listed below.

1. Under the same experimental parameters using the cutting tool coded AB2010, an
average of 8.51% and a maximum of 27% improvement was achieved for Ra in the
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nano-MQL method compared to the MQL method, and an average of 21.49% and a
maximum of 31.8% improvement was achieved in contrast with dry machining. In
the MQL approach, an average of 13.97% and a maximum of 19.48% improvement
was achieved in surface roughness compared to dry machining.

2. For the cutting tool coded AB30, an average of 14% and a maximum of 34.39%
improvement was achieved for Ra in the nano-MQL method compared to the MQL
method, and an average of 18.42% and a maximum of 34.87% improvement was
achieved compared to dry machining. The MQL method achieved an average of
4.82% and a maximum of 10.88% improvement in surface roughness compared to
dry machining.

3. Under the same experimental parameters using the cutting tool coded AB2010, an
average of 14.04% and a maximum of 19.23% improvement was achieved for the
cutting temperature in the nano-MQL method compared to the MQL method, and an
average of 26.37% and a maximum of 31.41% improvement was achieved compared
to dry machining. The MQL method achieved an average of 14.34% and a maximum
of 15.91% temperature increase for cutting as opposed to dry machining.

4. For the uncoated ceramic tool coded AB30, an average of 16.07% and a maximum of
19.97% improvement was achieved in the nano-MQL method for cutting temperature
compared to the MQL method, and an average of 16.95% and a maximum of 21%
improvement was achieved compared to dry machining. The MQL method achieved
an average of 1% and a maximum of 6.6% improvement in cutting temperature
compared to dry machining.

5. Considering all cutting parameters, the lowest Ra values were achieved for both cut-
ting tools when using the nano-MQL method, 0.10 mm/rev feed rate, and 100 m/min
cutting speed parameters.

6. According to the ANOVA results, the most essential factors for Ra were found to
be the cooling/lubrication method, with an effect rate of 42.85%, the feed rate, with
an effect rate of 21.01%, the cutting speed, with an effect rate of 10.08%, and the
cutting tool type, with an effect rate of 1.58%. For Ctt, it was determined that the
cooling/lubrication method had an effect rate of 53.51%, cutting tool type had an
effect rate of 32.02%, cutting speed had an effect rate of 2.77%, and feed rate had an
effect rate of 2.03%.

7. At the end of 15 min of machining time, the Al2O3 + TiC matrix-based and TiN-coated
ceramic tool (AB2010) with the PVD method provided 50% lower crater wear than
the Al2O3+TiC matrix-based uncoated mixed alumina ceramic tool (AB30).

As a result, it was observed that adding 0.5 wt. nano-Al2O3 to the vegetable-based
cutting fluid used in the MQL method provided significantly better results in terms of
surface roughness and cutting temperature values. As a result of the improvements
provided by the nano-MQL method compared to MQL and hard dry machining methods,
the increased use of the nano-MQL method in machining methods will be more efficient in
terms of sustainable manufacturing.
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